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[1] We analyze seismic waveforms from deep-focus
earthquakes occurring in the subducting slab beneath Japan,
recorded by broadband ocean bottom seismometers
(BBOBSs) installed on the northwestern Pacific Ocean
seafloor. The data reveal waveforms with a low-frequency
direct P onset, followed by large-amplitude, high-frequency,
long-duration Po and So waves. From the analysis of the
BBOBS records and a numerical finite-difference method
simulation of seismic wave propagation, we elucidate the
generation and propagation processes of such guided waves.
We demonstrate that the low-frequency direct P and S
waves propagate in the asthenosphere and that the following
high-frequency, long-duration Po and So waves are developed
by multiple forward scattering of P and S waves. The
scattering occurs due to laterally elongated heterogeneities in
both the subducting and horizontal parts of the oceanic
lithosphere, with the apparent velocities (Vp= 8.1 km/s,
Vs =4.6 km/s) being close to the velocities of oceanic
lithosphere. Citation: Shito, A., D. Suetsugu, T. Furumura,
H. Sugioka, and A. Ito (2013), Small-scale heterogeneities in the
oceanic lithosphere inferred from guided waves, Geophys. Res.
Lett., 40, doi:10.1002/grl.50330.
1. Introduction
[2] High-quality waveform data from deep-focus earth-
quakes occurring in the subducted Pacific Plate slab beneath
Japan can be obtained from seismic experiments in the
northwestern Pacific Ocean. The waveform data demonstrate
high-frequency and long-duration Po and So phases following
the low-frequency direct P and S waves. The great travel
distances of the Po and So phases through oceanic lithosphere
were noticed as early as 1935 [Linehan, 1940], a phenomenon
interpreted in terms of guided waves traveling in the oceanic
lithosphere. Previous studies have attempted to quantitatively
explain the generation and propagation mode of the Po
and So phases from relatively shallow earthquakes with rich
high-frequency content and long duration. For example,
Sereno and Orcutt [1987] proposed that most characteristics
of Po and So phases are explained by water-sediment reverber-
ations, based on results from the wavenumber integration tech-
nique and assuming a one-dimensional (1-D) velocity model
of oceanic lithosphere. Using reflectivity, Mallick and Frazer
[1990] were able to show that small-scale vertical
heterogeneity is important, in addition to water-sediment re-
verberations, for developing long Po and So coda. Although
it is generally accepted that Po and So phases are guided
waves caused by heterogeneities in the oceanic lithosphere,
the detailed characteristics of these heterogeneities, and the
generation and propagation processes of the Po and So phases
from deep-focus earthquakes remain unclear. In the past two
decades, there has been substantial technical progress both in
computer simulations of high-frequency seismic waves in het-
erogeneous structures and in broadband seismic observations
on the seafloor. These advances motivated us to further inves-
tigate the processes relating to guided waves in the oceanic
lithosphere and the generation of Po and So waves from deep
earthquakes, using broadband seismic data and the numerical
finite difference method (FDM) to simulate high-frequency
seismic waves.
2. Observations and Characteristics of Waveforms
[3] Seismological experiments using three broadband
ocean bottom seismometers (BBOBSs) were conducted in
the northwestern Pacific Ocean in 2007 and 2008 (Figure 1).
The BBOBSs were developed in the 1990s by the Earth-
quake Research Institute of the University of Tokyo, Japan
[Shiobara et al., 2009] and are equipped with three-
component Guralp CMG-3T sensors (24-bit recording,
100-Hz sampling).
[4] We analyzed data from two stations (PS2 and PS3)
because the other station (PS1) malfunctioned. During the
observation periods, high-quality Po and So waveforms
preceded by direct P waves from 15 earthquakes were
recorded (Figure S1), with the epicentral distances ranging
from 700 km to 1700 km. An example of the phases in a
vertical-component velocity seismogram is shown in Figure 2.
We also measured travel times of the direct P and Po and So
phases for the 15 earthquakes (Figure S2). The direct S phase
could not be picked due to the low signal-to-noise ratio. The
direct P phase was picked in the band-pass filtered waveform
with a corner frequency of 0.5 and 2.0Hz, and the Po phase
was picked in the high-pass filtered waveform with a corner
frequency of 10.0Hz. Prominent features of the direct P and
S waves, and Po and So phases from deep earthquakes are
summarized as follows.
[5] 1. The frequency content of Po and So waves is up
to 20Hz, which is much higher than that of direct P and
S waves. The frequency content of So waves is slightly
higher than that of Po waves.
[6] 2. The travel time interval between the direct P and Po
phases varies with the event depth (and the epicentral
distance). The broadband seafloor observations make it pos-
sible to separate the arrivals of the two phases.
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[7] 3. The apparent velocities of the direct P phases
depend on the event depth, whereas those of the Po and
So phases are almost constant at 8.1 and 4.6 km/s, respec-
tively. These values are close to the velocities in the oceanic
lithosphere, indicating that the Po and So phases travel hori-
zontally in that medium.
[8] 4. The Po and So phases gradually build up and decay
with extremely long durations (1–2mins). The durations
of the Po phase are longer than that of the So phase and
extend into the onset of the So phase.
[9] These features indicate that the Po and So phases
propagate horizontally as guided waves in the oceanic
lithosphere with intense scattering, whereas the P and S
waves travel mainly in the asthenosphere (i.e., beneath the
lithosphere), directly from the sources.
3. Numerical Modeling of Oceanic Lithosphere
Guided Waves
[10] To investigate the nature of the oceanic lithosphere
guided waves, we performed numerical FDM simulations
of two-dimensional (2-D) seismic wave propagation in a
realistic oceanic lithosphere model. Applying the method
described by Furumura and Kennett [2005], we conducted
parallel FDM modeling in a staggered grid configuration
with sixteenth-order accuracy in space and second-order
accuracy in time. The synthetic seismograms were calculated
with a 0.01-s time step for 400-s records (40,000 time steps).
A double couple line source with oblique reverse faulting
representing an event on 4 June 2008 (mb= 5.7, depth = 205
km) was placed in the subducting plate 5 km below the
surface. The source location and source mechanism data are
taken from the Global CMT catalog. The results of tests
employing several types of source with different focal
mechanisms confirm that the radiation pattern of the high-
frequency P and S waves (above 1Hz) is largely insensitive
to the source mechanism. This reflects the fact that multiple
scattering of high-frequency seismic waves in heterogeneous
structure has a strong disrupting effect on the original radiation
pattern of P and S waves, resulting in an isotropic radiation
pattern [Takemura et al., 2009]. The seismic source slip
function used was a pseudo-delta function with radiation of
seismic waves up to a maximum frequency of 5Hz. The par-
allel FDM simulation was conducted using 400 nodes of the
Figure 2. An example of the Po and So waveforms (the
vertical component of ground velocity) and the running
spectrum (top). An expanded view of P and Po waves is also
displayed (bottom). The event is indicated in Figure 1 by the
solid star and the station is PS2. The epicentral distance is
1000 km. The waveform is high-pass filtered with a corner
frequency of 1.0Hz.
Figure 1. Events (stars) and stations (triangles) used in this
study. The solid star marks the event simulated and the solid
line indicates the profile modeled. The arrow indicates the
direction of Pacific Plate motion.
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supercomputer system at the Japan Agency for Marine-Earth
Science and Technology, Yokosuka, Japan.
4. Basic 2-D Model
[11] The 2-D model (Figure 3) was taken along a profile
(marked by the solid line in Figure 1) parallel to the Pacific
Plate motion (295E) across Tohoku and the BBOBS sta-
tions. The model space covered 1600 km in the horizontal
dimension and 400 km in depth with a uniform grid interval
of 0.04 km. This model allowed seismic wave propagation
of up to 5Hz for a minimum velocity of 0.8 km/s (S wave
velocity in the oceanic sediments) by sampling 4.0 grid
points per minimum wavelength. We employed 2-D Carte-
sian coordinates and applied an Earth-flattening transforma-
tion to P and S wave velocities. The topography and
bathymetry were taken from ETOPO1. For the land area,
physical parameters such as P and S wave velocities and
density were taken from Furumura and Kennett [2005],
and the depths of the Moho and Conrad discontinuities were
taken from Ryoki [1999]. For the oceanic area, the depths of
the Moho and Conrad discontinuities were taken as 6.0 and
13.0 km, respectively, after Shinohara et al. [2008]. The
layers of seawater (P and S wave velocities of Vp=1.5 km/s,
Vs = 0 km/s, and density of r= 1.0 g/cm
3) and sediment
(Vp = 1.6 km/s, Vs = 0.8 km/s, r= 2.0 g/cm
3) were also in-
cluded. The geometry of the upper boundary of the
subducting plate was based on the model of Kita et al.
[2010]. The physical parameters for oceanic asthenosphere
were based on the ak135 model [Kennett et al., 1995]. After
a large number of trials for P and S wave velocities in the
oceanic lithosphere, we obtained the best reference 2-D
model to fit the observations. Anelastic attenuation was
introduced into the FDM simulation by following the proce-
dure of Blanch et al. [1995]. After the trials, we adopted the
following values of attenuation at the reference frequency of
2.5Hz: Qp =Qs = 20 in the oceanic sediment, Qp =Qs = 1000
in the oceanic crust, and Qp =Qs = 2000 in the upper mantle
of the subducted and horizontal parts of the oceanic
lithosphere.
5. Small-scale Heterogeneities in the Oceanic
Lithosphere
[12] We introduced the stochastic random heterogeneities
of seismic wave velocity and density in both the horizontal
and subducted portions of the oceanic lithosphere of the ba-
sic model. The heterogeneities are represented by a von
Karman distribution function with variable intensity (s)
and correlation length in the longitudinal (Ax) and perpen-
dicular directions (Ay) of the oceanic lithosphere. We
conducted a set of simulations with different patterns and
intensities of heterogeneities. To evaluate the fit of the com-
puted waveforms to the data, we used a correlation coeffi-
cient to measure the degree of correspondence between the
observed and synthetic seismogram envelopes. The enve-
lopes are obtained from the RMS amplitude averaged over
5-s time windows of the seismograms (Figure S3). The en-
velopes are characterized mainly by peak delay times of Po
and So waves and the relative amplitude of Po to So. The
peak delay time is defined as the time lag from the onset to
the maximum amplitude, which is considered to be sensitive
to the intensity of random heterogeneities [Gusev and
Abubakirov, 1999a, 1999b; Takahashi et al., 2007]. Con-
versely, the relative amplitude of Po to So is sensitive to
the correlation length, probably because the relative ampli-
tude is somehow affected by the rate of P-to-S and S-to-P
conversions induced by small-scale heterogeneities. The
correlation length is related to the velocity gradient of the
heterogeneities, and it has contrasting influences on P and
S waves because of their different wavelengths.
[13] We changed the value of s (velocity perturbations)
from 0 to 5% and confirmed 2% as the value that best fits
the observations (Figure S3c and Figure S4a). We defined
the case of s= 0% as the NH (No Heterogeneity)
model. The correlation length of the heterogeneity varied with
Ax= 0.5, 1.0, 10.0, 100.0, and 1000.0 km, and Ay=0.1, 0.5,
1.0, 10.0, and 100.0 km. The models with Ax= 1000 km
effectively represent 1-D layered structures, as proposed by
previous studies [Mallick and Frazer, 1990]. The horizontally
elongated heterogeneities with Ax= 10 km parallel to the plate
and Ay=0.5 km plate thickness successfully explain the ob-
served envelope shape of the Po and So phases (Figure S3d
and Figure S4b). Therefore, we identified the parameters of
Ax= 10km, Ay= 0.5 km, and s=2% as the combination of
best-fit model for explaining the observational data. The
preferred values of the parameters are consistent with previous
results for subducted slabs [Furumura and Kennett, 2005].
6. Snapshots and Synthetic Waveforms
[14] Snapshots of the seismic wave field at T= 120 s from
the origin time for the same source, but using different
Figure 4. Snapshots of seismic wave propagation at 120 s
from the origin time for (a) the no heterogeneity (NH)
model, (b) the isotropic heterogeneity (IH) model, and
(c) the elongated heterogeneity (EH) model.
Figure 3. The basic 2-D P wave velocity model. The solid
star indicates the source.
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heterogeneity models, are compared in Figure 4, and the cor-
responding synthetic waveforms are shown in Figure 5. In
Figure 4, the contributions of P (blue) and SV (red) waves
were separated using divergence and rotation of the 2-D
wave field. The NH model has no random heterogeneities.
We also defined the case of Ax =Ay= 1 km as the IH
(Isotropic Heterogeneity) model, and the best combination
case of s= 2%, Ax= 10 km, and Ay= 0.5 km as the EH
(Elongated Heterogeneity) model.
[15] The result of the simulation for the NH model shows
discrete P and S wave reflections from discontinuities near
the surface (sea surface, seafloor, sediment, and the Moho)
(Figure 4a). The synthetic waveform shows impulsive
phases, and the relative amplitude of Po to So is lower and
their durations are much shorter than the observations
(Figure 5a, top). The IH model produces a band of P and S
wave energy due to multiple scattering (Figure 4b). These
large bands of Po and So wave energy travel in the oceanic
lithosphere from the source to far beyond the trench. The
waveform develops as a high-frequency wave train.
However, the near-surface reflections are isolated and the
strong sPo phase developed by S-to-P scattering in isotropic
heterogeneities is too strong to allow comparison with obser-
vations (Figure 5b, top). The EH model reveals enhanced
and long-lasting energy trapped within the oceanic
lithosphere due to enhanced forward multiple scattering in
elongated heterogeneities, which makes sPo phases
invisible (Figure 5c, top). The waveform develops as a
high-frequency wave train and is sustained for a longer time
than in the IH model because of much stronger forward scat-
tering and guiding of the high-frequency signals within the
elongated heterogeneities (Figure 4c). Both the IH and EH
models produce the direct P wave ahead of the Po wave in
the snapshot, but the EH model reproduces the observed
time interval between the direct P wave and Po wave better
than does the IH model (Figure 5c, bottom).
7. Discussion
[16] In the previous section, we showed that the observed
high-frequency sustained Po and So coda from deep earth-
quakes in the subducting slab is caused mainly by multiple
forward P-to-P and S-to-S wave scattering due to laterally
elongated heterogeneities in the oceanic lithosphere. It is
possible that we underestimated the effects of the large angle
P-to-S and S-to-P conversion scattering, which occurs in the
out-of-plane direction and is not taken into account in
the present 2-D modeling. This effect should be clarified in
future 3-D modeling.
[17] By comparing observations with the results of the
FDM simulation, we confirmed that a stochastic random
heterogeneity model (described by a von Karman distri-
bution function with a correlation length of 10 km in the hor-
izontal dimension and 0.5 km in thickness, and an intensity
of velocity perturbation of 2%) explains the observed fea-
tures of the long Po and So tails, and the time lags with
respect to the low-frequency direct P and S waves. These fea-
tures of the heterogeneities are the same as those in the
subducted Pacific Plate reported by Furumura and Kennett
[2005]. This suggests that small-scale heterogeneities in the
oceanic lithosphere form before subduction and last in the
subducted slab.
[18] Such small-scale heterogeneities may be developed by
mineralogical heterogeneities such as laminations of pyroxe-
nite and/or chromitite layers in oceanic peridotite. Chromitite
is commonly found in mantle sections of ophiolite, as veins
in peridotite. Matsukage et al. [2010] calculated the seismic
wave velocity of chromitite based on data for the
Oman ophiolite and showed that the contrasts between
chromitite and oceanic peridotite are 4.1%–6.7% for Vp and
2.7%–4.9% for Vs in the Moho transition zone, and these
values are consistent with our preferred model. Pyroxenite is
even more widely observed in ophiolite than is chromitite.
However, the velocity contrast between pyroxenite and
chromitite is smaller than those estimated in the present study.
[19] While the model using s = 2% in the whole of the
lithosphere provides the best fit to the waveform data, as
described, another model in which only the top 40-km
section is heterogeneous with s= 4% is also acceptable
(figure not shown). However, models in which either the
top 20-km section or the bottom section is heterogeneous
cannot reproduce the characteristics of the observed longer
Po and So waves. The heterogeneities are distributed in old
(>150Ma) oceanic lithosphere within a large thickness of
the upper lithosphere. Knowledge of the spatial distribution
of heterogeneities in the oceanic lithosphere should provide
constraints on mineralogical heterogeneities and the processes
of their formation.
Figure 5. (a–c) Synthetic and (d) observed waveforms for
the vertical component of ground velocity (top). An
expanded view is also displayed (bottom). The epicentral
distance is 1000 km. The waveform is band-pass filtered
with corner frequencies of 1.0 and 5.0Hz.
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[20] A key question deriving from our investigation is this:
When and where do small-scale heterogeneities form in the
oceanic lithosphere? To answer this question, the findings
of this study need to be compared with results obtained from
younger oceanic lithosphere. Such future research should be
able to place constraints not only on the nature of small-scale
heterogeneities but also on the evolution of the oceanic
lithosphere.
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